The mechanism by which HDAC inhibition confers myocardial protection remains unknown. The purpose of this study is to investigate whether the disruption of NF-B p50 would eliminate the protective effects of HDAC inhibition. Wild-type and NF-B p50-deficient mice were treated with trichostatin A (TSA; 0.1 mg/kg ip), a potent inhibitor of HDACs. Twenty-four hours later, the hearts were perfused in Langendorff model and subjected to 30 min of ischemia and 30 min of reperfusion. Inhibition of HDACs by TSA in wild-type mice produced marked improvements in left ventricular end-diastolic pressure, left ventricular rate pressure product, and the reduction of infarct size compared with non-TSA-treated group. TSA-induced cardioprotection in wild-type animals was absent with genetic deletion of NF-B p50 subunit. Notably, Western blot displayed a significant increase in nuclear NF-B p50 and the immunoprecipitation demonstrated a remarkable acetylation of NF-B p50 at lysine residues following HDAC inhibition. EMSA exhibited a subsequent increase in NF-B DNA binding activity. Luciferase assay demonstrated an activation of NF-B by HDAC inhibition. The pretreatment of H9c2 cardiomyoblasts with TSA (50 nmol/l) decreased cell necrosis and increased in cell viability in simulated ischemia. The resistance of H9c2 cardiomyoblasts to simulated ischemia by HDAC inhibition was eliminated by genetic knockdown of NF-B p50 with transfection of NF-B p50 short interfering RNA but not scrambled short interfering RNA. These results suggest that NF-B p50 acetylation and activation play a pivotal role in HDAC inhibition-induced cardioprotection.
ischemia; myocardium; myocardial infarction HISTONE ACETYLTRANSFERASES (HAT) and histone deacetylases (HDAC) have recently emerged as important mechanisms in the regulation of a variety of cellular responses. Histone acetylation is mediated by HAT. The resulting modification in the structure of chromatin leads to nucleosomal relaxation and altered transcriptional activation. The reverse reaction is mediated by HDAC, which induces deacetylation, chromatin condensation, and transcriptional repression (5, 14, 22, 29, 31) . In addition to histones, growing evidence suggests that HAT and HDAC target nonhistone proteins, including transcriptional factor (4) , which may represent general regulatory mechanisms in biological signaling.
Since the identification of HDAC 1 (named HD 1; Ref. 15 ), 18 HDACs have been described in mammals and are divided into three distinct classes on the basis of secondary structure (34) . Class I HDACs consist of HDAC 1, 2, 3, and 8, which are predominantly nuclear proteins and ubiquitously expressed. Class II HDACs include HDAC 4, 5, 7, and 9. In contrast to class I, class II HDACs exhibit a tissue specific pattern of expression. HDAC 4 and HDAC 5 are found at high levels in the heart, brain, and skeletal muscle (8, 11, 37) . All class IIa HDACs shuttle between the nucleus and cytoplasm. Class III HDACs were identified on the basis of sequence similarity with Sir, a yeast transcriptional repressor that requires the cofactor NDA ϩ for its deacetylase activity. HDAC inhibitors have shown efficacy as anticancer reagents in human, and animal models and are emerging as an exciting clinical treatment targeting solid and hematological malignancies (35) .
Inhibition of class II HDACs silences the fetal gene activation, renders myocytes insensitive to hypertrophic agonists, blocks cardiac hypertrophy, and prevents cardiac remodeling (1, 17, 18) . Specific mutation of HDAC has resulted in attenuation of cardiac hypertrophy and reduced ischemia-reperfusion (I/R) injury (12) . Furthermore, HDAC inhibition has previously been shown to markedly decrease infarct size in focal cerebral ischemia model of rats (26) . We and others (12, 19, 40) have recently demonstrated that inhibition of HDAC with trichostatin A (TSA) protects the heart against ischemic injury. Taken together, these data support the pivotal role of HDAC inhibition in cardioprotection. However, the molecular signaling event that underlies HDAC inhibition-induced cardioportection is still poorly understood.
NF-B is sequestered in the cytoplasm by the inhibitory protein I-B. Ultraviolet radiation, T-cell activation, bacterial LPS viral gene products, and inflammatory cytokines promote IB degradation, thereby allowing NF-B to enter the nucleus and induce gene transcription (3, 28) . The increased NF-B in postischemic myocardium has been reported (21) . Although these studies (23, 24, 38, 42) have indicated that NF-B plays an essential role in regulation of myocardial I/R , whether NF-B is involved in HDAC inhibition-induced cardioprotection has never been elucidated. Interestingly, it has been recently reported that NF-B p50 can be acetylated by acetyltransferase p300 (6) . However, there is no evidence to identify the acetylation of NF-B p50 in myocardium and its implica-tion in mediating myocardial I/R. Given that HDAC inhibition is known to result in hyperacetylation, it is imperative to assess whether HDAC inhibition induced cardioprotection through acetylation of NF-B p50. The objectives of our study were to determine as follows: 1) whether the cardioprotective effects generated with the HDAC inhibitor TSA could be diminished with the targeted deletion of NF-B p50 in mice; 2) whether NF-B p50 could be acetylated following HDAC inhibition and whether acetylation of NF-B p50 was associated with an increase in NF-B DNA binding activity; 3) whether HDAC inhibition directly resulted in an activation of NF-B; 4) whether HDAC inhibition would increase the resistance of H9c2 cardiomyoblasts to a subsequent simulated ischemic stress in the in vitro cell culture model; and 5) whether genetic suppression of NF-B p50 with small interfering (si)RNA would eliminate the protection of H9c2 cardiomyoblasts from the simulated ischemia following HDAC inhibition. Investigation of the cause and effect relationship of HDAC inhibition with NF-B p50 in the heart could provide insight into our understanding of novel mechanisms of ischemic heart disease and develop therapeutic strategies for clinical implication.
MATERIALS AND METHODS
Animals. Adult male B6.129 wild-type control and homozygous p105 Ϫ/Ϫ mice on the B6;129 background were supplied by Jackson Laboratories (Bar Harbor, ME). All animal experiments were conducted in accordance with the guidelines on humane use and care of laboratory animals for biomedical research published by the National Institutes of Health. The experimental protocol was approved and carried out in accordance with the guidelines adhered to the Institutional Animal Care and Use Committee of Rhode Island Hospital.
Chemical supplies and antibodies. TSA was obtained from Calbiochem (San Diego, CA). N-(2-mercaptopropionyl)-gel electrophoresis supplies were obtained from Bio-Rad Laboratories (Hercules, CA). The perfusion chemicals triphenyltetrazolium chloride (TTC), 2-deoxy-D-glucose, and potassium cyanide were purchased from Sigma (St. Louis, MO). Mouse monoclonal acetylated-lysine (Ac-K-103) antibody was purchased from Cell Signaling (New England, MA). NF-B p50 polyclonal rabbit antibody, ␤-actin, siRNA NF-B p50 RNA, and negative control scrambled siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-rabbit IgG(HϩL) horseradish peroxidase-conjugated secondary antibody was purchased from Amersham (Hercules, CA). Goat anti-mouse IgG(HϩL) horseradish peroxidase conjugate secondary antibody was purchased from Invitrogen (Carlsbad, CA).
Langendorff isolated heart perfusion. The methodology of Langendorff's isolated perfused heart preparation has been described previously in detail (42) (43) (44) . Briefly, mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (120 mg/kg). The hearts were rapidly excised and arrested in ice-cold Krebs-Henseleit buffer. They were then cannulated via the ascending aorta for retrograde perfusion by the Langendorff method using Krebs-Henseleit buffer containing the following (in mM): 110 NaCl, 4.7 KCl, 1.2 MgSO 4 7H2O, 2.5 CaCl2 2H2O, 11 glucose, 1.2 KH2PO4, 25 NaHCO3, and 0.5 EDTA. The buffer, aerated with 95% O2-5% CO2 to give a pH of 7.4 at 37°C, was perfused at a constant pressure of 55 mmHg. A water-filled latex balloon, attached to the tip of polyethylene tubing, was then inflated sufficiently to provide a left ventricular end-diastolic pressure (LVEDP) of 10 mmHg. Myocardial function was measured including left ventricular developed pressure (LVDP), LVEDP, rate pressure product (RPP), heart rate, and coronary flow. LVDP was calculated by subtracting LVEDP from the peak systolic pressure. RPP, an index of cardiac work, was calculated by multiplying LVDP with heart rate.
Experimental protocol. Mice were randomized into four experimental groups that underwent the following treatments, as shown in Fig. 1 . Control wild-type B6.129 and NF-B p105 Ϫ/Ϫ mice were subjected to 30 min of stabilization and 30 min of ischemia followed by 30 min of reperfusion. To examine the effects of NF-B p50 on cardioprotection elicited by HDAC inhibition, our established preconditioning protocol was used. Wild-type B6.129 and NF-B p105 Ϫ/Ϫ mice were treated with TSA. Animals were divided into two groups: group 1: TSA ϩ B6.129 mice (n ϭ 5), B6.129 mice were injected with TSA (0.1 mg/kg ip); and group 2: TSA ϩ NF-B p105
Ϫ/Ϫ mice (n ϭ 7), p105 Ϫ/Ϫ mice were injected with TSA (0.1 mg/kg ip). Twenty-four hours later, the hearts were subjected to 30 min of ischemia followed by 30 min of reperfusion.
Another subset of wild-type animals without sustained I/R was treated with or without TSA solely for the purpose of measuring acetylated NF-B p50. Animals were treated with TSA for 30 min, and heart tissues were collected. The hearts were frozen in liquid nitrogen, and cardiac lysates were extracted as previously described (42) . Briefly, frozen hearts were ground and suspended in 1 ml of lysis buffer containing 50 mM Tris·HCl (pH 7.4), 0.1 mM sodium orthovanadate, 50 mM sodium fluoride, 150 mM sucrose, 1 mM PMSF, 5 mM EDTA, 5 mM EGTA, 2 g/ml leupeptin, 2 g/ml aprotinin, and 5 g/ml pepstatin A. Mixtures were homogenized and microcentrifuged at 14,000 rpm for 20 min. The protein content of the supernatant was collected and determined using a protein assay (Bio-Rad).
Measurement of infarct size. The infarct size was measured with a well-established method as previously described (40, 41) . At the end of reperfusion, hearts were perfused with 10% TTC and then removed from the Langendorff perfusion apparatus. Hearts were then frozen and cut from apex to base into transverse slices. After being stained, 10% TTC buffer was replaced, and then the slices were fixed in formaldehyde for measurement of the infarcted areas using computer morphometry NIH image software (Image J 1.36). The infarct size was calculated and presented as the percentage of risk area, defined as the sum of the total ventricular area minus cavities (42) (43) (44) .
Preparation of nuclear and cytosolic fractions. Nuclear extracts were prepared using a modification of the method previously described (42, 43) . Briefly, the tissue samples were pulverized in liquid nitrogen. The tissue was ground, suspended, and then lysed twice with lysis buffer containing 20 mM Tris pH 7.9, 140 mM NaCl, 1.5 mM MgCl 2, 1 mM EGTA, 1 mM EDTA, 1 mM DTT, 0.5% NP-40, 0.5 mM sodium orthovanadate, and protease inhibitors (1 mM PMSF, 2 g/ml aprotinin, and 2 g/ml leupeptin). The nuclei were washed once with 1 ml of lysis buffer without NP-40 and resuspended in 150 l of nuclear extraction buffer (50 mM Tris·HCI pH 7.9, 60 mM KCl, 1 mM EDTA, 1 mM EGTA, 2 mM DTT, 1 mM PMSF, and 0.5 mM sodium orthovanadate). After three cycles of freeze-thawing, the nuclear extracts were obtained by centrifugation at 10,000 g for 15 min and then used for Western blot analysis and EMSA. The cytosolic fraction of NF-B was prepared according to the previously described method (43) .
Western blot analysis. The proteins were detected using the following antibodies: anti-acetylated lysine and anti-NF-B p50 polyclonal antibodies. For immunoblotting, protein (50 g/lane) was separated by SDS-PAGE using 10% SDS for NF-B p50. Proteins were then transferred onto a nitrocellulose membrane for 2 h at 100 V. The membrane was blocked with 5% nonfat dry milk in 1ϫ Trisbuffered saline containing 0.5% Tween 20 for 1 h. The blots were incubated with NF-B p50 polyclonal antibody (1:1,000 dilution) for 2 h and visualized by incubation with anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution) for 1 h. The immunoblots were developed with the ECL Chemiluminescence Detection Reagent (Amersham Pharmacia Biotech). For the measurement of the acetylation of p50, cardiac tissue lysates (200 g) were immunoprecipitated with an antibody (1 g) specific for NF-B p50 and gently agitated for 2 h at 4°C, followed by additional incubation with EZview red protein A affinity gel (Sigma). The beads were washed three times with the lysis buffer and one time with 50 mM Tris (pH 6.8). Then, 50 l SDS of sample buffer were added, and the samples were heated for 5 min at 100°C. The supernatant was applied to SDS-PAGE gels. Immunoprecipitated protein was analyzed by Western blotting for immunoreaction with anti-acetylated lysine antibody (1:1,000 dilution), and antigen-antibody complexes were visualized as described above.
EMSA. The EMSA was carried out by the LightShift Chemiluminescent EMSA kit (Pierce) that uses a nonisotopic method to detect DNA-protein interactions (44) . Biotin end-labeled DNA doublestranded 22-mer oligonucleotide with the sequence 5=-AGT TGA GGG GAC TTT AGG C-3= (Promega) containing a putative binding site for B was incubated with the nuclear extracts (42) . The binding reactions were performed in a final volume of 20 l containing 10 g of protein in buffer (10 mm Tris pH 7.5, 50 mM KCl, 5 mm MgCl 2, 1 mm dithiothreitol, 0.05% Nonidet P-40, and 2.5% glycerol), 1 g of poly(dI-dC), and 2 nm of biotin-labeled DNA. The reaction mixture was incubated for 30 min at room temperature. The competition reactions were performed by addition of 100-fold excess unlabeled double-stranded oligonucleotide to the reaction mixture. After the reaction, the DNA-protein complexes were subjected to a 5% native PAGE and transferred to a Biodyne nylon membrane (Pierce). After transfer, the membrane was immediately cross-linked for 10 min with ultraviolet 254-nm bulbs. A chemiluminescent detection method utilizing a luminol/enhancer solution was used as described by the manufacturer (Pierce), and membranes were exposed to X-ray film. The densitometric results were normalized to the control group and expressed as percentages of the control values.
Cell culture and siRNA transfection. H9c2 cardiomyoblast cells, a clonal line derived from rat heart (ATCC, Rockville, MD), were grown in DMEM with 10% FCS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. The siRNA transfections were done according to the description in manufacturer's protocol. The negative control (scrambled) siRNA and NF-B p50 siRNA were mixed with Lipofectamine 2000 (Invitrogen) at a final concentration at 500 nmol/l of siRNA in medium, respectively. Protein expression was determined by Western blot using a specific antibody to NF-B p50 to confirm the significant reduction of NF-B p50 after 24 h. At 24 h of posttransfection, H9c2 cardiomyoblasts were subjected to simulated ischemia. For TSA treatments, H9c2 cardiomyoblast cells were exposed to TSA (50 nmol/l) for 30 min before subsequent 30 min of simulated ischemia was initiated. The SI medium consists of the following (mM): 115 NaCl, 5 KCl, 1 KH2PO4, 1.2 MgSO4, 2 CaCl2 2H2O, and 25 HEPES containing 5 mM potassium cyanide and 20 mM 2-deoxy-D-glucose for 30 min in a 5% CO2 at 37°C. Cyanide treatment was terminated by being rinsed twice with PBS. The medium was then replaced by DMEM to mimic 30 min of the reperfusion.
Measurement of cell viability. The assessment of H9c2 cardiomyoblast viability was based on the description and the principle of reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Sigma) into blue formazan pigments in viable cells (7) . At the end of the experiment, the medium was removed and the cells were washed with PBS. MTT (0.01 g/ml) was dissolved in PBS, and 500 l were added to each well. Cells were subsequently incubated for 2 h at 37°C. Cells were then washed twice with PBS, and 1 ml of HCl-isopropanol-Triton (1% HCl in isopropanol:0.1% Triton X-100; 50:1) was added to each well for 5 min. The suspension was then centrifuged at 14,000 rpm for 2 min. The optical density was determined spectrophotometrically at a wavelength of 540 nm, and the values are expressed as percentages of control values.
Measurements of cell necrosis. Loss of plasma membrane integrity (cell necrosis) was assessed by measurement of the activity of lactate dehydrogenase (LDH) in the supernatant. A 100-l supernatant was transferred into a 96-well plate. The release of LDH in the culture medium from H9c2 cardiomyoblast cells at the end of reperfusion was determined as an indicator of cell necrosis using a commercially available kit (Roche), as per manufacturer's protocol with a modification (30) . The optical density was determined spectrophotometrically at a wavelength of 490 nm, and the values are expressed as percentages of control values.
Luciferase activity assay. NF-B reporter gene assays were described previously with the appropriate modification (45) that the H9C2 cardiomyoblasts were transiently transfected with luciferase reporter construct 2ϫB or empty vector by the Lipofectamine 2000 method (Invitrogen). Twenty-four hours after transfection, cells were treated with or without TSA (50 nM) in the presence or absence of simulated ischemia, as described above. Cell lysates were generated and luciferase activity was determined according to the manufacturer's instructions by using the Luciferase Assay System (BioVision). Luciferase activities were measured with TD-20/20 Luminometer (Turner Designs Instrument) three times, and results were normalized to the basal levels of the empty vector group.
Statistics. All measurements are expressed as means Ϯ SE. Differences among the groups were analyzed by one-way ANOVA, followed by post hoc Bonferroni correction or Student's unpaired t-test for two groups. Statistical differences were considered significant with a value of P Ͻ 0.05.
RESULTS

Baseline ventricular function.
Baseline functional parameters, including LVSP, LVEDP, LVDP, RPP, and heart rate, were recorded among the groups. As shown in Table 1 , there were no significant differences among the groups before ischemia. Fig. 2 , A-D, left ventricular functional recovery declined dramatically compared with baseline, but there were no significant differences in ventricular functional recoveries between wild-type and NF-B p50-deficient mice in the absence of HDAC inhibition. However, postischemic ventricular function was improved after TSA treatment in wild-type mice. TSA-induced postischemic improvement in LVEDP was abrogated in animals with disruption of the p50 subunit of NF-B (30 Ϯ 4 mmHg vs. 5 Ϯ 4 mmHg in TSA ϩ B6.129 WT mice; P Ͻ 0.05). In addition, the improvement of LVDP in TSA ϩ B6.129 was also eliminated by deletion of p105 (P Ͻ 0.05). Similarly, disruption of NF-B p105 mitigated the recovery of RPP (13.8 Ϯ 4.7 ϫ 10 3 mmHg/min vs. 34 Ϯ 5.8 ϫ 10 3 mmHg/min; P Ͻ 0.05). As shown in Fig. 3 , there was no difference in coronary effluent between wild-type and NF-B p105 deficient mice; however, TSA treatment resulted in a marked improvement in coronary effluents in postischemic myocardium (P Ͻ 0.05), which disappeared in TSA-treated NF-B p105 Ϫ/Ϫ mice. Infarct-sparing effect of HDAC inhibition depends on NF-B p50. Myocardial infarct size, an index of irreversible myocardial injury, was measured. The infarct size in wild-type mice was also not significantly different from that in NF-B p105 Ϫ/Ϫ mice. However, following the TSA treatment, the infarct size in the wild-type B6.129 ϩ TSA group was 13 Ϯ 3%, which was increased to 29 Ϯ 2% in TSA-treated NF-B p105
Disruption of NF-B p50 attenuates HDAC inhibition-induced ventricular functional improvement. As shown in
Ϫ/Ϫ (P Ͻ 0.05; Fig. 4 ). The data suggest that the reduction of infarct size by inhibition of HDAC requires NF-B p50.
NF-B p50 is acetylated and activated through HDAC inhibition. We examined the effect of TSA treatment on the accumulation of NF-B p50. As shown in Fig. 5, A and B, TSA treatment in wild-type mice led to a significant increase in NF-B p50 in nuclei, which is accompanied by the decrease in NF-B p50 in cytosolic fractions, indicating an augmentation of NF-B p50 nuclear in nuclei following hyperacetylation. To determine whether NF-B p50 could be acetylated, we immunoprecipitated NF-B p50 from cardiac tissue and probed the blots with an acetylated-lysine antibody. As shown in Fig. 5 , C and D, NF-B p50 was acetylated at lysine residues after HDAC inhibition. Notably, EMSA shows that NF-B DNA binding activity was low in the control group, which increased rapidly following TSA treatment (Fig. 6A ). The densitometric analysis shows a significant difference in the NF-B binding activity between the HDAC treatment and control group (Fig.  6B) , suggesting a direct link between acetylation of NF-B p50 Data are means Ϯ SE; n ϭ no. of animals. No significant differences were found between the experimental groups for any of the functional parameters. WT, wild type; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; RPP, rate pressure product; CF, coronary effluent; TSA, trichostatin A. (Fig. 7) , supporting the notion that HDAC inhibition results in an effective activation of NF-B.
HDAC inhibition enhances the survival of H9c2 cardiomyoblasts via NF-B p50.
We next determined cell necrosis and viability of H9c2 cardiomyoblasts in combination of genetic silencing. As shown in Fig. 8A , Western blot exhibits the reduction of expression of NF-B p50 in H9c2 cardiomyoblast cells transfected with NF-B p50 siRNA but not control scrambled siRNA, suggesting that targeted siRNA effectively knocked down NF-B p50. As shown in Fig. 8B , compared with control, simulated ischemic stimulus led to the increased LDH leakage, which significantly decreased in H9c2 cardiomyoblast cells treated with 50 nM of TSA. However, genetic knockdown of NF-B p50 with siRNA remarkably abolished the reduction of LDH leakage by HDAC inhibition, but the scrambled siRNA did not show any effect on LDH leakage. In the absence of TSA treatments, there was no difference in LDH leakage between the SI and SI ϩ NF-B p50 siRNA groups. Additionally, in the absence of both TSA treatment and SI, transfection of NF-B p50 siRNA did not cause the LDH leakage compared with the control. Furthermore, simulated ischemia decreased cell viability, which was profoundly prevented by HDAC inhibition. Strikingly, the improvement in cell viability of HDAC inhibition was absent with knockdown of NF-B p50 with specific siRNA (Fig. 8C) .
DISCUSSION
Salient findings. HDAC inhibition has been recently discovered as a novel signaling pathway to confer myocardial protection following I/R. In the present study, we have shown that the genetic deletion of NF-B p50 eliminated cardioprotection elicited by HDAC inhibition. Inhibition of HDAC resulted in the increase in NF-B p50 in the nuclei of the myocardium. Immunoprecipitation assay reveals that NF-B p50 was acetylated at lysine residues following HDAC inhibition, which was associated with a subsequent increase in NF-B p50 DNA binding activity and NF-B activation. With the use of siRNA gene silencing and well-established in vitro cell culture model, HDAC inhibition increased the resistance of H9c2 cardiomyoblast cells to simulated ischemia, which was indicated by the reduction of cell necrosis and the increase in cell viability. Genetic suppression of NF-B p50 with siRNA mitigated the beneficial effect of HDAC inhibition on cell viability and necrosis. Taken together, the present study is the first direct demonstration to reveal that acetylation and activation of NF- . Representative sections of a heart demonstrating reduction of postischemic infarct size 30 min after treatment with TSA. At the end of experimental protocol as described in MATERIALS AND METHODS, hearts were sliced and stained with 2,3,5-triphenyltetrazolium chloride followed by fixation in formalin. Viable areas are stained brick red, whereas infarcted areas are gray or white. *P Ͻ 0.05 vs. WT, p105
Ϫ/Ϫ , and TSA ϩ p105 Ϫ/Ϫ groups. B p50 constitute a novel major pathway of HDAC inhibition to elicit cardioprotection.
The class II HDACs are abundantly expressed in the heart. TSA acts as a potent inhibitor of HDAC and is rapidly inactivated in vivo following intraperitoneal administration to mice (39) . The deacetylase-TSA structure reveals that TSA binds to the deacetylase catalytic core to form a tubular pocket, a zinc-binding site, and a two Asp-His charge-relay system to inhibit the histone acetylase (9) . TSA at 50 nM demonstrated a significant increase in acetylated histone 4 and inhibition of HDAC activity (1, 40) , providing a basis of HDAC inhibitor concentration employed in cultured H9c2 cardiomyoblasts. In addition, we (10, 25, 33) have conducted a well-established pharmacological preconditioning approach, since preconditioning stimuli have been demonstrated as powerful approaches to protecting the heart and hold promising clinical implications. Our previous studies (42, 43) show that a short period of pharmacological pre- conditioning stimuli effectively induces a delayed cardioprotection after 24 h of treatments, confirming that these triggers activate downstream signaling pathways to confer a late phase preconditioning. In this regard, we assessed the molecular signaling components 30 min after the pharmacological treatments and characterized the ventricular functional parameters in a delayed window. The treatment of the heart with TSA resulted in an improvement in recovery of ventricular function as well as the reduction of myocardial infarct size in wild-type mice (40) . This is consistent with the observation in which suppression of HDAC activity in the heart or knockdown of specific HDAC in myocytes alters the response to ischemic injury and reduces infarct size as well as prevents cellular injury (12) . Similarly, the beneficial effects of HDAC inhibition have also been reported in the pressure overload in mice and cultured neonatal cardiomyocytes (13, 17, 18) . In addition, TSA has been demonstrated to induce tumor-selective apoptosis in acute myeloid leukemia and acute promyelocytic leukemia (16) . This evidence suggests that HDAC inhibition serves as an important and common protective signaling pathway. Although HDAC in cardiovascular implication has recently garnered significant attention of late, the precise downstream signaling in which HDAC inhibition produces cardioprotection is unclear.
Stimulation of NF-B has been reported to be essential in protecting the heart against ischemia injury (20, 23, 38, 42, 43, 46) . Targeted deletion of NF-B p50 markedly increases the extent of expansive remodeling and aggravated systolic dysfunction in the infarcted heart (32). NF-B has been shown to be acetylated following inhibition of HDAC with TSA (2, 4) . This is consistent with another investigation that p300 overexpression resulted in increased NF-B p50 acetylation that was reduced by HAT mutation in RAW 264.7 cells (6). These observations suggest a potential link between inhibition of HDAC and activation of NF-B. Strikingly, immunoprecipitation of NF-B p50 demonstrated that NF-B p50 was acetylated at lysine residues following HDAC inhibition in the myocardium in our study. In addition, NF-B p50 acetylation was closely related with the increase in NF-B p50 DNA binding activity and activation. This implicates acetylation as a critical determinant to activate NF-B p50. It will be interesting to conduct future studies to decipher the deep mechanisms of how NF-B p50 is acetylated in ischemic myocardium. Furthermore, this study provides the direct evidence that disruption of NF-B p50 eliminated the cardioprotection following HDAC inhibition, demonstrating a pivotal role of NF-B p50 in modulating myocardial protection by HDAC inhibition. The Fig. 7 . Induction of B promoter activity by HDAC inhibition with TSA treatments. H9c2 cells were transiently transfected with the 2ϫB luciferase reporter construct. Twenty-four hours after transfection, cells were treated with or without TSA and luciferase activities were determined 3 times and results were normalized to the basal levels (empty vector). Results are means Ϯ SE (n ϭ 3/group). ϩP Ͻ 0.01 vs. empty vector. protective effect of HDAC inhibition is related to the acetylation and activation of the p50 subunit of NF-B. We observed that TSA treatments caused an increase in coronary effluents in postischemic heart, which might be related to the protective effects of HDAC inhibition. However, the improvement in coronary effluents by HDAC inhibition was absent with disruption of NF-B p50, which suggests that downstream signaling of NF-B p50 might be responsible for this event. However, we did not find significant differences in the ventricular functional recovery as well as myocardial infarct between wild-type and p105 Ϫ/Ϫ mice without receiving TSA treatment. This suggests that the existence of abundant acetylated p50 plays a major role to confer the heart against ischemic injury. H9c2 cardiomyoblast cells have been widely used as a powerful in vitro model to study I/R injury (36) . Using the in vitro H9c2 myocytes, we conducted the experiment of the simulated ischemia, which is a well-established approach to study cellular injury (7, 36) . NF-B p50 protein dramatically decreased in H9c2 cardiomyoblasts transfected with siRNA against NF-B p50 rather than the scrambled siRNA, confirming interfering RNA effectively silences NF-B p50. HDAC inhibition augmented the cell viability and reduced cell necrosis in response to ischemic stress, which were abrogated in H9c2 cardiomyoblast cells in which NF-B p50 gene was suppressed with siRNA, indicating that NF-B p50 is attributable to the survival of myocytes by HDAC inhibition. Therefore, our study provides strong evidence supporting that a cascade consisting of HDAC inhibition-acetylation of NF-B p50 and their functional couplings are essential in the genesis of myocardial protection. Further investigation is necessary to elucidate how specific class II HDAC inhibition in hearts to mediate NF-B p50 to orchestrate cardioprotection. In addition, whether or not the transcriptional profiling of HDAC inhibition in NF-B p50-deficient mice and/or another subunit of NF-B p65 also involves the protective effect of HDAC inhibition is a subject matter that merits further investigation.
Summary. In the present investigation, we have revealed a novel mechanism by which acetylated NF-B p50 following HDAC inhibition is essential to induce cardioprotection. HDAC inhibition caused the acetylation of NF-B p50, which was related with a subsequent activation of NF-B p50. These data suggest a direct cause and effect relationship between HDAC inhibition and NF-B p50 acetylation and activation. We have proven the central role of this novel pathway by demonstrating the abrogation of cardioprotection by targeted deletion of NF-B p50 in mice. Furthermore, using the in vitro H9c2 cardiomyoblasts culture and siRNA gene silencing, we revealed that the reduction of cell necrosis and increase in viability following HDAC inhibition were mitigated with genetic knockdown of NF-B p50. To the best of our knowledge, this is the first study providing direct evidence of mediating NF-B p50 by HDAC inhibition to achieve cardioprotective effects. Our investigation not only provides new insight into our understanding of mechanisms of myocardial I/R but also suggests that a therapeutic strategy targeting this signaling pathway could be a novel and useful approach to the protection of the ischemic myocardium. Fig. 8 . A: H9c2 cardiomyoblast cells were transiently transfected with NF-B p50 siRNA (500 nmol/l) or nonspecific siRNA (500 nmol/l) for 24 h to prepare protein lysates and following immunoblotting assay. B: LDH release of H9c2 myocytes in culture medium at the end of reperfusion (n ϭ 4/group). C: cell viability was measured using the MTT cell viability assay (n ϭ 5/group). H9c2 cardiomyoblast cells were exposed to simulated ischemia (potassium cyanide and 2-deoxy-D-glucose), and description of simulated ischemia is provided in MATERIALS AND METHODS. The HDAC inhibitor TSA (50 nmol/l) was maintained in culture medium. NF-B p50 and negative control siRNA transfections are described in MATERIALS AND METHODS. SI, simulated ischemia. Results are means Ϯ SE, and values are expressed as percentages of control values. ϩP Ͻ 0.01 vs. control, TSA ϩ SI, TSA ϩ SI ϩ siRNA control, and control ϩ siRNA-p50.
